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Aims. We present a search for gravitational arcs in a sample of X-ray luminous, medium redshift clusters of galaxies. 
Methods. The sample of clusters is called ARCRAIDER, is based on the ROSAT Bright Survey (RBS) and fulfills the following 
criteria: (a) X-ray luminosity > 0.5 x 10'*'' erg/s (0.5-2keV band), (b) redshift range 0.1 < z < 0.52, (c) classified as clusters in the 
RBS, (d) not a member of the Abell catalogue and, finally, (e) visible from the ESO sites La Silla/Paranal (declination 6 < 20°). 
Results. In total we found more than 35 (giant) arc/arclet candidates, including a possible radial arc, one galaxy-galaxy lensing event 
and a possible quasar triple image in 14 of the 21 clusters of galaxies. Hence 66% of the sample members are possible lenses. 

Key words, gravitational lensing - cosmology:observation - galaxy:clusters:general 
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1. Introduction 

Gravitational lensing techniques have become a blooming 
branch in astrophysics in the past with wide ranges of applica- 
tions. In particular, the existence of strongly lensed objects offers 
the possibility to study the lenses, to investigate high redshift 
objects in more detail and can even be used for cosmological 
researches. Therefore systematic searches for gravitational arcs 
may provide an invaluable basis for those studies. Successful 
arc searches were already carried out by several authors, e.g. 
Bolton et al | (12 008 ), H ennawi et al |(|2008]l,|Esti-ada et al. 



Sand et al.|d2005|),|Luppino et al.|([1999|l,|Le Fevre et al. 



(20071, 



1994: 



Small et al.| ( |T99T) or |Lynds & Petrosian| ( |1989[ ). 
A particular application for systematic arc searches is the 
statistical approach to arc frequencies, called arc statistics. 
Arc statistics investigate the probability of lensing events of 
specified properties. These probabilities depend on a large 
number of factors, e.g. the number density of sources and 
lenses, their properties, and the cosmological model. 
Among the first to carry out arc statistic simulations in a 



cosmological context were Bartelmann et al. ( 1998 2003 



henceforth B98). They compared the frequency of arcs occur- 
ring in different cosmological models. Their main result was 
that the predicted number of arcs varies by orders of magnitudes 
between different cosmologies. In particular, the predicted fre- 
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* Based on observations made with ESO Telescopes at the La Silla 
or Paranal Observatories under programme IDs 60.A-9123(G), 65.0- 
0425, 67.A-0444(A), 067.A-0095(B), 67.A-0427(A), 68.A-0255(A), 
69.A-0010(A), 169.A-0595(G), 072.A-0083(A), and 073.A-0050(A). 
Also based on observations made with the NASA/ESA Hubble 
Space Telescope, and obtained from the Hubble Legacy Archive, 
which is a collaboration between the Space Telescope Science 
Institute (STScI/NASA), the Space Telescope European Coordinating 
Facility (ST-ECF/ESA) and the Canadian Astronomy Data Centre 
(CADC/NRC/CSA). 



quency of arcs in the currently favoured ACDM model is about 
one order of magnitude too low compared to the estimated arc 
counts deiived from observations. This led to lively discussions 
on the reasons for that discrepancy, as the ACDM cosmology is 
widely supported by different observations, for example Type 



I supernovae (Riess et al. 1998 Perlmutter et al. 1999 1, or 



cosmic microwave background observations (see e.g. |Hanany 
etaLl |2000, ,Pryke et al.| [20021 [Spergel et aT] [2003) 1. Therefore 



arc statistics simulations were refined by several authors 



Flores et al] ( |2000| l and [Meneghetti et al.[ ( [2000[ ) investigated 
with different methods whether contributions of individual 
cluster galaxies enlarge the cross section significantly. However, 
both found that cluster members do not increase the arc fre- 
quency significantly (< 15%, [Flores et al. 2000 1. Additional 
effects of source ellipticities and sizes were investigated in detail 
by Keeton[( [200T) , [Oguri| ( |2002) and Oguri et al. (2001). 
The predictions on the lensing efficiency of simulated 
0.2 < z < 0.6 clusters performed by ,Dalal et al.[ ( [2004| l 
agree very well with observations based on the Einstein 
Medium Sensitivity Survey (henceforth EMSS, Luppin o et al.| 
1999). They also found a strong dependency of about one order 
of magnitude of the cross section on the viewing angle of the 
cluster, which is caused by triaxiality and shallow density cusps 
of their simulated clusters. 

While B98 assumed a constant source distance of Zs = 1 
Wambsganss et al. (2004) showed that the lensing probability is 
a strong function of the source redshift, which was confirmed by 
Li et al. ( 2005[ l. Varying the source redshift yields a much higher 



optical depth, hence the predicted arc frequency is significantly 
higher Using only Zs = 1 sources [W ambsga nss et al!] ( [2004[ l 
confirm the results of B98. |Torri et al. (2004j investigated the 
influence of the dynamical state of galaxy clusters on arc statis- 
tics. They revealed that during merger processes the caustics 
change significantly, increasing the number of long and thin 
arcs by one order of magnitude. Another factor was introduced 
by jPuchwein et al. (2005j): they investigated the influence of the 
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intracluster gas and its properties on the lensing efficiency and 
find a considerable impact under certain physical conditions. In 
particular, cooling and star formation processes may contribute 
to the lensing cross section by steepening the mass profile. 
Numerical simulations nowadays show that the number of 
arcs for a ACDM cosmology roughly agrees with observa- 
tions. However, a direct comparison is hardly possible as all 
simulations are based on idealised situations. In particular 
observers have to deal with observational effects like seeing, 
limiting magnitude, instrumental properties,.... which are not 
taken into account in the simulations at all. The reason is that 
those observational effects are not yet modelled properly, as 
they concern a wide range of different effects. For example, 
observations are usually based on a set of individual images, 
which are stacked on one single final frame. All images are 
unavoidably taken under slightly different conditions, hence 
the final frame contains a mixture of all individual image 
properties. The final effect of such a mixture is hard to judge. 
In particular, blurring due to different seeing conditions may 
affect the length-to-width ratio as well as the length of an arc, 
leading to different morphology detections. The first attempt 
taking observational effects into account was done by Horesh 
( 2005| l. They compared a sample of ten galaxy clusters 



et al. 



based on HST observations ( [Smith et"aLj|2005| with simulations 
including some observational effects. Although the observed 
sample is very small and based on Abell clusters only, they 
found an agreement between arc frequency predictions for 
ACDM cosmology and the used observations. 
We present a sample of galaxy clusters, which is particularly 
aimed at arc statistics. In Sect|2]we first describe the cluster sam- 
ple in detail, its selection criteria, the observations and the data 
treatment, followed by a report on the methods used (Sectj3]l. 
The results of the arc search are presented in Sect|4] a summary 
and conclusion is given in Sect|5] Throughout this paper we use 
a standard ACDM cosmology with Hq - 70/;^q kms"' Mpc"', 
Qm = 0.3, and Qa = 0.7. 



2. The ARCRAIDER project 

2.1. Selection criteria 

ARCRAIDER stands for ARCstatistics with X-RAy luminous 
meDium rEdhift galaxy clusteRs and is an ongoing long term 
project. It is based on the ROSAT Bright Survey (Schwo pe et al.j 
[2000 , henceforth RBS) and aimed at arc statistic studies. The 
RBS is a compilation of the brightest sources in the ROSAT All 
Sky Survey ( [Voges et"aL][199 9 ) with high galactic latitudes {\b\ > 
30°) and a PSPC count rate of > 0.2 s From this sample we 
selected objects fulfilling the criteria 

- classified as a cluster of galaxies 

- aredshiftof 0.1 < z < 0.52 

- X-ray luminosity log(Lx) > 0.5 x lO'*^ erg/s (0.5-2 keV band) 

- visible from the ESO sites La Silla/Paranal (declination 6 < 
20°) 

- not a member of the Abell catalogue ( [Abell et aL [1989| l 



As the resulting 21 clusters (see Table[T]for more details) are 
located at high galactic latitudes, the hh values are very small 
(hh ^ 7.7 X lO^^cm"^). The members of the Abell catalogue 
were excluded at this first stage of the project as they are also fre- 
quent targets of observations during finished and ongoing stud- 
ies. Hence it is not necessary to reobserve them which reduces 
our need for observing time. 



2.2. Observations 

The total number of the sample is 21 galaxy clusters, which 
were usually observed under good seeing condition (median see- 
ing value 0.87", see Figure[T]) at different ESO telescopes (see 
Table[2] for more details on the used data, filters and proposal- 
IDs). As the main instrument we chose SUSI2@NTT, except 
for RBS325, RBS653 and RBS864. These three clusters were 
observed with WFI@2.2m, because we had to shift to this tele- 
scope during the scheduling process. All clusters were observed 
at least in the V and the R band to achieve colour informa- 
tion. Additional observations with different filters or instruments 
were used when available in the ESO archive (see Tables[2] 
and |3]l. The given limiting magnitude in Table|3] is defined as 
ZP - 2.5 log( Jl 



3 ■ cr), where ZP is the magnitude 



OTli, 

zeropoint, A^pix is the number of image pixels in a circle with a 
radius of 2'.'0 and cr is the sky background noise. 
The data reduction was performed with the help of the GaBoDS 
pipeline. This software package was especially designed for 
multi-chip imagers and performs the basic reduction, superflat- 
ting and fringe correction, astrometric and photometric calibra- 
tion and, finally, the coaddition. For more details on the used 



algorithms we refer the interested reader to Erben et al. (2005 1 
and Erbe n & Schirm er (2003). 

The astrometric reference frame was tied to the USNO-A2 cat- 
alogue (Monet et al. , 1998a b), the photometric calibration was 
done with the STETSON standards ( iStetson[[2000) l. All magni- 
tudes are given in the Vega system. 

For nights where no standard star observations were observed we 
took the standard zero points given on the SUSI2 homepag^af- 
ter investigating the photometric conditions of these nights with 
the help of WFI observations. 

Where available we also used HST data taken from the archive. 
This concerns the clusters RBS-0436", RBS-0651%RBS-0864'' 
and RBS-1748\ which were observed during snapshot pro- 
grammes (filter: F6Q6W; "PID: 10881, PI. Smith, ACS, fexp = 
1200 s; ''PID: 8301, PL: Edge, WFPC2, fexp = 1000 s). We used 
the calibrated images from the Hubble Legacy Archive]^ mainly 
to identify possible arcs, as those images are well-suited due to 
their missing atmospheric blurring, even in spite of the very short 
exposure times. 



3. Methods 

3.1. Determination and pliotometry of tlie arc candidates 

One of the main issues of the ARCRAIDER project at this stage 
is the search for gravitational arcs. As arcs are difficult to detect, 
we have to focus on the most important criteria. In ground-based 
observations usually only arcs tangentially aligned with respect 
to the mass centre are visible. Radial arcs are often too thin and 
too faint structures in the vicinity of bright central galaxies of 
clusters. In addition, arcs and their counter images have the same 
spectra and redshifts of the order of > 2 x ziens- However, as we 
do not have spectra, we restrict our search criteria to the mor- 
phology, the position and alignment of the possible candidates 
with respect to a bright central cluster galaxy (BCG), assuming 
the latter to be the centre. 

To determine the length-to-width ratio l/w to be used as selec- 
tion criterion we follow an ansatz by Lenzen et al.[ ( [2004| l and 
the SExtractor Manual ( Bertin| [2005[ ) and define the l/w ra- 
tio by calculating the eigenvalues Ai and A2 of the second order 



http : //www. Is . eso . org/ lasilla/sciops/ntt/susi/docs/SUSIphot .html 
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Table 1. Overview of the sample: Lx is the X-ray luminosity in the 0.5-2.0 keV band, computed as Lx - log [47r/i(cz///o)^]. with 



Hq - 50kms 'Mpc ' . All data were taken from Schwope et al. ( 2000| l. 
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number 


[h m s] 


[d m s] 




l'.'0=[kpc] 


Lv 


[10"^ e^cm^] 


name 


RBS-0172 


01 15 48 8 


-56 55 29 


0.272 


4.16 


44.8 


3.39 


APMUKS(BJ) B011348. 12-571116.8 


RBS-0238 


01 45 11.9 


-60 33 45 


0.1795 


3.03 


44.6 


3.36 




RBS-0312 


02 24 36.4 


-24 33 44 


0.305 


4.51 


44.8 


1.69 




RBS-0325 


02 32 16.4 


-44 20 48 


0.282 


4.27 


44.8 


2.61 




RBS-0380 


03 01 07 5 


-47 06 25 


0.515 


6.20 


45.3 


2.23 




RBS-0381 


03 01 38 5 


+01 55 16 


0.1690 


2.88 


44.5 


7.7 


ZwCl 0258.9+0142, RHS 18, 4C +01.06 


RBS-0436 


03 31 06 


-2 1 00 34 


0.189 


3.16 


44.6 


2.47 




RBS-0464 


03 42 54.2 


-37 07 39 


0.201 


3.31 


44.5 


1.64 




RBS-0651 
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[BCT2000] J052815. 92-294300.8 
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-39 28 18 


0.286 


4.31 
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3.91 
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RBS-0864 
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+ 15 28 10 


0.24 


3.79 


44.9 


2.65 




RBS-1029 


11 45 35.1 


-03 40 02 


0.1683 


2.87 


44.6 


2.49 


SDSSJ114535. 10-034001.6 


RBS- 1267 


13 26 17.7 


12 29 58 


0.2034 


3.34 


44.7 


1.95 


[VCV2001] J132617.6+123000 


RBS-1316 


13 47 32 


-11 45 42 


0.451 


5.77 


45.5 


4.92 


RX J1347.5-1145, LCDCS 0829 


RBS-1460 


15 04 07.6 


-02 48 17 


0.2169 


3.51 


45.2 


5.98 


LCRS B 150 13 1.5-023636, QUEST J 1504-0248 


RBS-1691 


20 41 50.1 


-37 33 39 


0.100 


1.84 


44.2 


3.61 




RBS-1712 


21 02 04.4 


-24 33 58 


0.1880 


3.14 


44.6 


5.33 


EXO 2059-247 ID 
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3.71 


45.0 
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2.28 
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Fig. 1. Left: Seeing histogram. As arc(lets) are often faint and thin structures, it is important to observe under good seeing conditions. 
The majority of our observations were performed with a seeing better than 1", the median value is 0'.'87. Middle: histogram of the 
Lx distribution of the selected clusters. Right: redshift distribution of the sample members. 



moment of the light distribution L^i (note that L12 — Lix): 




(1) 



(2) 



the ratio Ijw is equal to /I1//I2 (Jahne 2002 [ l. Hence we obtain 
the length-to-width ratio by determining A\ and Az- 
Though a lot of useful information (e.g. length-to-width ratio, 
location/orientation with respect to the BCG...) is contained in 
the catalogues, it is insufficient to restrict the search to object 
catalogues only. In several cases arcs merge apparently with 
foreground objects and can therefore be missed or are simply too 
faint to be detected. Hence an arc search is best performed by 
visual inspection of deep images and not restricted to catalogues 
only. We use the following selection criteria for arc candidates: 
(a) they are tangentially aligned, and, (b) in a distance of < 1', 
both with respect to the central cluster galaxy, and (c) show a 



length-to- width ratio of Ijw > 1.5 (measured with SExtractor, 
see Sect. |3.2| for more details). 

We additionally assigned the arc candidates to two classes (A, 
and B). Class A denotes a high probability of being a lensed 
object, whereas B type objects are of low probability, but not 
excludable lensing features. This separation is primarily meant 
to be as priority list for subsequent observations. 
All magnitudes were determined with SExtractor in double 
image mode using MAG_AUTO with the following pa- 
rameters for all clusters: DETECTjyiINAREA=3, effective 
GAIN= tejtp * GAINiNSTR- The GAINjnstr is 2 for WFI and 
2.25 for SUSI2. We also took galactic extinction E{B - V) into 
account based on values by Schlegel et al. (1998i, in spite of 
the low values due to the high galactic latitude bias introduced 
by the RBS catalogue. The separation of stars and galaxies was 
done using CLASS_STAR < 0.95. 

Additional information about the arc candidates can be derived 
from their colour information. We have compared the {V - R) 
colours of the arcs with the average colour of the five brightest 
cluster members (see Table|9]i. As lensed objects are highly 
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Table 2. Overview of the observations; the instrument mode describes the chosen binning mode for SUSI2, the resolution mode for 
FORS, and the imaging mode for VIMOS. The used WFI filters were Ic/Iwp (ES0845), Rc/162 (ES0844), V/89 (ES0843), and, 
for RBS-0864, B/123 (ES0878), whereas B/99 (ES0842) was used for RBS-0325 and RBS-0653, respectively. The used SUSI2 
Besse l filters were ¥#812 R#81 3, I#814, the FORS filters U-BESS+33, B_ BESS+34, V_BESS+35, R_BESS+36, and I_BESS+37. 
(1 see [Kausch et"aL](|2007 1, ^ see|Bradac et"aL](|2005|);palkola et al.|(|2008|l, ^ filter ACS/WFPC2-F606W, Hubble proposal ID.) 
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RBS-0653 


VIMOS/IMG 










2400 






169.A-0595(G) 


RBS-0745 


SUSI2@ES0NTT 


2x2 






3040 


6080 






69.A-0010(A) 


RBS-0864' 


WFI@ES02.2m 






1500 


8000 


25000 






68.A-0255(A), 073.A-0050 


RBS-1015 


SUSI2@ES0NTT 


1x1 






2600 


5900 






072.A-0083(A) 


RBS-1029 


SUSI2@ES0NTT 


2x2 






3040 


6080 






69.A-0010(A) 


RBS-1267 


SUSI2@ES0NTT 


1x1 






2200 


6080 






072.A-0083(A) 


RBS-1316- 


FORS/ISAAC@VLT 


High Res./- 


11310 


4800 


4500 


6000 


6750 


~ 7200 


67.A-0427(A), 067.A-0095(B) 


RBS-1460 


SUSI2@ES0NTT 


2x2 






3040 


6080 






69.A-0010(A) 


RBS-1691 


SUSI2@ES0NTT 


2x2 






3040 


6080 






69.A-0010(A) 


RBS-1712 


SUSI2@ES0NTT 


2x2 






15380 


6080 


9300 




65.O-0425, 67.A-0444(A) 


RBS-1748 


SUSI2@ES0NTT 


2x2 






3040 


6080 






67.A-0444(A) 




WFPC2@HST 








1200' 








8301" 


RBS-1842 


SUSI2@ES0NTT 


2x2 






3800 


7600 






69.A-0010(A) 



Table 3. Table with measured Umiting magnitude values. 



3.2. Morphology of the arc candidates I mass estimates 



RBS 




mii„, 




mii„, 


cluster 


in B [mag] 


in V [mag] 


in R [mag] 


in / [mag] 


RBS-0172 




25.67 


25.73 




RBS-0238 




25.63 


25.57 




RBS-0312 




25.66 


25.55 




RBS-0325 


25.81 


25.46 


25.49 




RBS-0380 




25.22 


25.44 




RBS-0381 




25.95 


25.74 




RBS-0436 




25.71 


25.29 




RBS-0464 




25.72 


25.69 




RBS-0651 




25.27 


25.80 




RBS-0653 


24.89 


25.07 


25.76 


22.35 


RBS-0745 




25.13 


25.18 




RBS-1015 




26.19 


25.80 




RBS-1029 




25.30 


25.21 




RBS-1267 




25.86 


24.40 




RBS-1460 




25.12 


25.34 




RBS-1691 




25.41 


25.48 




RBS-1712 




25.19 


25.91 


24.70 


RBS-1748 




25.51 


25.47 




RBS-1842 




25.71 


25.55 





redshifted galaxies of various types, their colour usually differs 
from the main lensing cluster members. Except for three of them 
(RBS-0238: B2; RBS-0651: B3; RBS-1460: Bl) all candidates 
show diff'erent colours than the five brightest cluster members, 
which indicates their non-cluster membership. 



At first glance the chosen limit of the length-to-width ra- 
tio l/w > 1.5 for arc determination seems to be very 
low. However, atmospheric blurring dramatically decreases the 
l/w. Figure|2] shows /?-band images of five gravitational ar- 
clets and three arcs discovered in RXJ 1347- 1145 (see Brada£| 
eTaL] [2005] [Halkola et aL] [2008) 1 as seen by four different 
ground based imagers (WFI@ES02.2m, MEGACAM@CFHT, 
FORSl@ESOVLT, SUSI2@ESONTT) in comparison with 
F814W frame observations (no R band was available) taken 
with the ACS onboard the HST (see Table[4|. All observations 
are very deep (magun, < 25.4) and all ground based images 
were taken under excellent seeing conditions (seeing < 1"). To 
estimate the influence of l/w measurements caused by atmo- 
spheric blurring we define the blurring factor BE as the ratio 
(I /w)g\,a/ (l/w) ACS, (where gba stands for "ground based aver- 
age"). 

Except for object le, which is by far the smallest and faintest, the 
length-to- width ratio measurements on the ground based images 
roughly agrees (see Table[5]l. However, it is clearly visible that 
the l/w is dramatically higher in the HST frame, which is shown 
by a blurring factor BF of down to ~ 0.4. This means that the 
influence of atmospheric blurring is highly dominant over other 
factors like different spatial sampling (pixel scale), or exposure 
times. Hence the fraction of missed arc candidates is minimized 
with an assumed limit of the ground based length-to-width ra- 
tio l/w > 1.5 for arc determination. However, the contamination 
by cluster or foreground elongated objects is increased. Thus a 
spectroscopic confirmation of the arc candidates is mandatory in 
the future. 
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We can also use the position of the arcs to roughly estimate the 
mass of the lensing galaxy assuming it is a part of an Einstein 
ring. As we do not know the distance to the background galaxy 
we only get a rough estimate of the mass within the Einstein ring 
by assuming Zbackground = 1, the upper/lower limits are estimated 
by assuming Zbackground = [2 x Zciuster, 2]. Due to the lai-ge number 
of assumptions we concentrate on A class candidates only. 




Fig. 2. Comparison of various gravitational arcs seen with 
five diff^erent imagers: WFI@ES02.2m, MEGACAM@CFHT, 
FORSl@VLT, SUSI2@NTT and ACS onboard the HST. The 



naming of the arcs is taken from Halkola et al. (2008 1. 



Table 4. Technical data; used filters: R^162 (WFI), SDSS-r 
(MEGACAM), R_BESS+36 (FORSl), WB655#825 (SUSI2), 
and F814W(ACS) 



Imager 


pixel 


measured 


exposure 






scale 


seeing ["] 


time [s] 


[mag] 


WFI 


0.238 


0.85 


16300 


25.4 


MEGACAM 


0.186 


0.75 


7200 


25.9 


FORSl 


0.1 


0.69 


6000 


26.5 


SUSI2 


0.0805 


0.91 


11250 


25.9 


ACS 


0.05 


n/a 


5280 


26.45 



4. Results and discussion 

4.1. Individual clusters 

The ARCRAIDER sample includes several clusters with distinct 
arc like features (see Table|9]and the Appendix^ for a complete 
list and images). In particular RBS-0325, RBS-065 1, RBS-0653, 
RBS-0864 (Kausch et al. 2007) and RBS- 13 16 (RXJ1347-1145, 



see e.g. Bradac et al.,,2005^|Halkola et al. 2008) 1 show distinct 
strong lensing candidates. Apart from that several small arclet 
candidates, the B-typed objects, can be found in various clusters 
of the sample, however their lensing probability is very low. In 
addition we found a galaxy-galaxy lensing candidate in RBS- 
0312, a candidate for a radial arc in RBS-0325 (see Figures A.lc 
and d, respectivel}]^, and a possible multi-imaged quasar in 
RBS-1712 (Figure A.3c3). 



4.2. Correlation of the X-ray luminosity and the number of 
arc candidates 

A correlation between the X-ray luminosity and the number of 
arcs is expected, because the X-ray luminosity correlates with 
the mass of the cluster (!Schindler| |1999 ; Reiprich & Bohringer| 
[1999) and the probability to detect arcs increases with the cluster 
mass. Dividing the sample into classes with the X-ray luminos- 
ity intervals I: [44.2 < log(Lx) < 44.5], II: [44.5 < log(Lx) < 
44.9], and III: [44.9 < log(Lx)] to obtain three classes of ap- 
proximately similar size, we find a strong correlation between 
the number of A-type arc candidates and the X-ray luminosity 
in the preliminary sample with 0.33 arc candidates per cluster in 
the faintest class and 3.14 arc candidates per cluster in the most 
luminous bin (see Table|6]l. 

Seven of the 14 ARCRAIDER lensing cluster candidates 
show B-type objects only, and six at least one class A type. 
Additionally ~ 10% are really impressive lensing clusters (RBS- 
0653 and RBS-1316), containing a large number of candidates 
and giant arcs. 



Table 6. Sample divided into three classes I, II, and III, with 
respect to the X-ray luminosity Lx- 







# 


# of A-type arc 


class 




clusters 


cand. per cluster 


I 


[log(Lx) < 44.5] 


6 


0.33 


II 


[44.5 < log(Lx) < 44.9] 


8 


0.5 


III 


[44.9 < log(Lx)] 


7 


3.14 



Table 5. Measured l/w of the arcs shown in Figure|2] 



Imager 


la 


lb 


le 


2a 


2b 


4a 


WFI 


1.6 


1.5 


1.1 


1.7 


4.5 


2.5 


MEGACAM 


2.0 


1.5 


1.9 


1.8 


5.0 


2.5 


FORSl 


1.8 


1.4 


1.7 


1.5 


4.9 


2.6 


SUSI2 


1.8 


1.3 


1.4 


1.7 


4.7 


2.4 


ACS 


2.6 


3.1 


3.8 


4.3 


8.1 


74 


BE 


0.69 


0.46 


0.40 


0.39 


0.59 


0.34 



4.3. Comparison with the EMSS sample 
Several other arc searches have been carried out by various 



groups (e.g. Bolton et al. 


2008| IHennawi et al. 2008 Estrada 


et al. 2007 Sand et al. | 


2005 |l. However, a direct comparison 



with those studies is hampered by considerable differences be- 
tween the studies e.g. in the selection criteria of the cluster sam- 
ples, photometric depth, or chosen instruments. 
The only comparable search for gravitational arcs in clusters of 



galaxies was performed by Luppino et al. ( 1999 1, who searched 



for strong lensing features in 38 X-ray selected clusters taken 
from the EMSS ( Gioia et al.]|T990l|Stocke et al.|[T9"91j . In total 



^ see download link in the Appendix 
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they discovered 16 clusters with arcs and arc candidates, includ- 
ing eight systems with giant arcs. 60% of their clusters exceeding 
Lx > 10'^^ erg s"' (0.3 - 3.5 keV band) inhabitate giant arcs and 
none of the 15 clusters with Lx < 4 ■ 10"^"* ergs"' (same band) 
shows any strong lensing feature candidate. 
Due to the similarities in the samples we can roughly compare 
the fraction of clusters inhabitating gravitational arcs between 
both samples. Because of the uncertainties in the arc determi- 
nation we only take clusters into account with high probability 
strong lensing features. Hence, we use only type A arcs for our 
RBS sample (see Sect. 3.2 1, for the EMSS sample we use giant 



arcs and arcs without a question mark in the last column of Table 
1 



m 



Luppino et al. ( 1999 1 and additionally only select clusters 
with a comparable redshift (z < 0.515). 

For this comparison we also divided the EMSS sample mem- 
bers into three classes of similar number counts with respect to 
the X-ray luminosity (see Table]?]), which was transferred to the 
0.5 - 2.0 keV band with the onHne PIMMS-Too0 
Figure]3] shows a comparison of the lensing cluster fraction in 



Table 7. X-ray luminosity classes of the EMSS Sample. 



Lx [0.5-2keV] 




# 


EMSS sample class 




clusters 


I 


[log(Lx) < 44.32] 


11 


II 


[44.32 < log(Lx) < 44.47] 


10 


III 


[44.47 < log(Lx)] 


12 




[erg/s] (0.5-2.0keV) 

Fig. 3. Comparison of the lensing cluster fractions in the EMSS 
sample (dashed line) (Luppino et al. 1999) and the RBS sample 
(solid line). For both samples we used only the most secure arc 
candidates (see Sect. |4.3| l. The dots mark the mean values of the 
X-ray luminosity within the corresponding Lx classes I, II, and 
III, respectively (see Table]!}, error bars in Lx mark the limits 
given in Table]6] The error bars in the y-direction are assumed to 
be +1 cluster with arcs. See Sect.l4.3lfor more detail. 



the EMSS and the RBS sample, respectively. The dots mark 
the mean value of the X-ray luminosity of the clusters within 
the class (see Tables]6] and ]7|i of the corresponding sample (see 
Table|8]l. The error bars in x-direction denote the limits of the 
corresponing Lx class, in the y-direction the errors are assumed 
to be + 1 cluster with missed or misinterpreted arcs, respectively. 
Surprisingly, the agreement between the samples is not as good 
as one one would expect for two similar samples. Both are 
strictly selected by Lx, except that the luminosity cut is much 
higher in the RBS sample. However, the discrepancy between 
the two samples could be caused by the momentary skipping of 
the Abell clusters (~ 43% of the clusters in class I, ~ 63% in 
class II, and ~ 82% in class III). Although the Abell clusters 
are selected by visible light luminosity only, the omitting ex- 
cludes several famous prominent lensing clusters (Abell 2204, 
Abell 2667, Abell 1835 , Abell 1689, see e.g. |Sand et aLl|2005l 
IBroadhurst eTaLj]2005] l. 



Table 8. Mean values of the EMSS- and RBS -cluster X-ray lu- 
minosity corresponding to the Lx (0.5 - 2.0 keV) classes I, II, 
and III defined in Tables]?] and ]6] respectively. 



5. Summary 

We present a systematic search for gravitational arcs in a unique 
sample of X-ray-luminous, medium redshifted galaxy clusters. 
The search is based on deep ground based images taken with 
ESO telescopes under good seeing conditions (usually < 1"). 
Including RBS-0864 (Z3146, Kausch et all 1 2007) and RBS - 
1316 (RXJ1347-1 145, |Bradac et am 2005 , Hal kola et al.[]2008] l, 
respectively, the sample consists of 21 members. In total we 
found candidates for more than 35 (giant) arcs or arclets, one 
radial arc candidate, one galaxy-galaxy lensing event and three 
possible quasar lensing features in 14 sample members. Hence 
66% of the clusters are possible strong lenses, with a strong bias 
towards X-ray luminous clusters (see Sect. |4.2| i. 
The next step in the ARCRAIDER project is the analysis of 
the currently excluded Abell clusters belonging to this sample 
and spectroscopic follow-up observations of the arc candidates 
to confirm their lensing nature. Including these missing clusters 
and observations the ARCRAIDER sample is by far the largest 
for future arc statistic studies. 



Lx EMSS sample RBS sample 

class xlO''^ erg/s x 1 O**^ erg/s 

< Lx >= 0.16 < Lx >= 0.24 

II < Lx> = 0.26 < Lx >= 0.50 

III <Lx>=0.49 <Lx>=1.62 



4 



http : //heasarc . nasa . gov/Tools/w3pimms . html 
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Appendix A: Images 

please download the images from 

jhttp : //astro- staff . uibk . ac . at/~w . kausch/ ARCRAIDER_II_images . tar . gz| 



